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Abstract This paper describes a laboratory investigation of the resistance to freezing and thawing of
Expanded Perlite Aggregate (EPA) concrete, compared with that of natural aggregate concrete. The effects
of EPA ratios on High Strength Concrete (HSC) properties were studied for 28 days. EPA replacements of
fine aggregate (0–2 mm) were used: 10%, 20% and 30%. The properties examined included compressive
strength, Ultrasound Pulse Velocity (UPV), porosity, microstructure and the Relative Dynamic Modulus
of Elasticity (RDME) of HSC. Results showed that the compressive strength, UPV and RDME of samples
were decreased with an increase in EPA ratios. Test results revealed that HSC was still durable after
100, 200 and 300 cycles of freezing and thawing in accordance with the ASTM C666. After 300 cycles,
reduction in compressive strength and RDME ranged from 7% to 29% and 5% to 21%, respectively. In
this paper, feed-forward Artificial Neural Network (ANNs) techniques were used to model the relative
change in compressive strength and UPV in cyclic thermal loading. Genetic algorithms were applied in
order to determine optimum mix proportions subjected to 300 thermal cycling. The best performance
was obtained from HSC with about 10% EPA.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
The earliest work on the freeze–thaw damage of concrete
[1,2]was based on the physical behavior ofmoist paste and con-
crete during freeze–thaw loads. Powers presented a theory of
hydraulic pressure in which the pore water in the largest pores
freezes first during cooling and only after the smaller pores have
been frozenwould the expansion be hindered, causing large hy-
draulic pressures and subsequent paste destruction [3]. Another
important theoretical impact on the freezing theories of porous
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Open access under CC BY-NC-ND license.solids was done by Litvan [4–6]. Litvan should be mentioned
because of his differing views of the freezing phenomenon, in
which the freezing of the pore water is suggested to take place
on the surface of the test sample. Fagerlund [7] introduced the
concept of a critical degree of porewater saturation, which gov-
erns the severity of the freeze–thaw damage. Setzer [8] and
Scherer [9] were unaware of any theoretical or empirical re-
search results in which the changes in volume of the unfrozen
pore water and ice, due to density changes, have been taken
into consideration in the freeze–thaw damage of binder paste
or concrete [10].
Expanded Perlite Aggregate (EPA) has been used in construc-
tional elements, such as brick, plaster, pipe,wall and floor block.
It has not, however, been used yet industrially in concrete.
Perlite is a glassy form of rhyolitic or dacitic magma. It contains
2%–5% water. Upon rapid heating, perlite transforms into a cel-
lular material of low bulk-density. As the chemical water held
within the perlite boils (at temperatures of 900–1100 °C), the
resultant steam forms bubbles within the softened rock to pro-
duce a frothy-like structure. The formation of these bubbles al-
lows perlite to expand up to 4–20 times its original volume [11].
The durability performance of EPA, as a porous material,
is not well understood because of limited and contradictory
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affecting the resistance to freezing and thawing of EPA.
Artificial Neural Network (ANN) techniques open new pos-
sibilities in classifying and generalizing available experimen-
tal results, through learning by example to predict strength
from the relative content of mix components. If such a map-
ping can be effectively modeled in a neural system in spite of
data complexity, incompleteness and incoherence, it might be
useful in concrete mix design as a new tool to support the de-
cision process and improve efficiency [12]. The feed-forward
architecture, also known as the multilayer preceptron, is the
most popular network architecture used by researchers in var-
ious structural material characterization and modeling studies.
Ghaboussi et al. [13] describe the use of the Back-Propagation
(BP) and Neural Network (NN) for modeling the behavior of
conventional materials, such as concrete, in a state of plane
stress under monotonic biaxial loading. They use the BP al-
gorithm to predict the thermal and mechanical properties of
composite materials. The BP algorithm also has been used for
composite material characterization [14], constitutive model-
ing of concrete [15], viscoplastic materials [16] and to model
concrete workability in design of high performance concrete
mixtures [17].
2. Materials and methods
Portland cement (CEM I 42.5) was utilized in preparing the
concrete specimens. Silica Fume (SF) and EPA were obtained
from the Antalya ElectroMetallurgy Enterprise, and the Etibank
Perlite Expansion Enterprise, respectively, in Izmir, Turkey. The
chemical composition of the materials used in this study is
summarized in Table 1. The physical andmechanical properties
of Portland cement and the physical properties of EPA are
summarized similarly in Tables 2 and 3, respectively. The
specific gravity of SF and EPA were 2.20 and 0.28, respectively.
The percentages of EPA that replaced fine aggregate (0–2 mm)
in this study were: 0%, 10%, 20% and 30%. The used w/b
(water/binder) ratios were 0.25, 0.30 and 0.35. In addition, a
group sample with an Air Entraining Agent (AEA) was used
for each w/b ratio. The binder dosage and the dosage of SF
were kept constant at 500 kg/m3 and 7% (by weight of binder),
respectively, throughout the study. Amodified polycarboxylate
based polymerwas used as a superplasticizer,which conformed
to Type F of ASTM C494 [18] (high-range water reducer), at a
dosage of 2.0, 1.50 and 0.75 ml/kg of cement, for 0.25, 0.30 and
0.35w/b ratios, respectively.
Freeze-thaw durability tests were conducted on specimens
that were cured for 28 days. ASTM C666 [19] (Procedure B)
was used to assess the durability of concrete subjected to
cyclic freezing and thawing. The freezing and thawing cycle
lasted for 5 h. Deterioration was monitored by means of UPV
measurements, which were made every 100 cycles up to 300.
During the experiments, temperature changes at the center
of the specimen were measured using a specially designed
thermocouple.
The lightweight aggregates were first mixed with water
needed for the dry surface, and saturated for half an hour before
blending. For each mixture, 100 mm diameter and 200 mm
height cylinder molds were used. The maximum size of coarse
aggregate was 16 mm. The samples were tested for UPV and
compressive strength in accordance with ASTM C597 [20] and
ASTM C39 [21], respectively. In addition, Relative Dynamic
Modulus of Elasticity (RDME) values were calculated accordingTable 1: Chemical composition of PC, SF and EPA (%).
Component PC SF EPA
SiO2 19.6 93.7 71–75
Al2O3 4.77 0.3 12–16
Fe2O3 2.91 0.35 –
CaO 62.00 0.8 0.2–0.5
MgO 3.2 0.85
SO3 2.69 0.34 0.15
C 2.69 0.52
Na2O 0.35 – 2.9–4.0
K2O 0.53 –
Chloride (Cl−) 0.0082 – 0.09
Sulphide (S−2) 0.1 0.1–0.3
Undetermined 0.38
Free CaO 0.25
Table 2: The physical and mechanical properties of PC.
Specific gravity (g/cm3) 3.10
Specific surface (cm2/g) 3389
Setting time initial (min) 170
Volume expansion (mm) 2
Compressive strength (MPa) 2 days 28.628 days 53.4
Table 3: The physical properties of EPA.
Color White
Unit weight 30–190 kg/m3
Porosity 90%
Specific heat 0.20–0.23 kCal/kg °C
Melting point 1300 °C
Thermal conductivity 0.039–0.046 W/mK
Thermal expansion 0.004–0.011 mm/m °C
to formulation in the ASTM C666 (Eq. (1)). The durability factor
is also calculated in Eq. (2).
The relative dynamicmodulus of elasticity, Pc , is determined
from:
Pc = (n1/n)2 × 100, (1)
where Pc is the RDME after c cycles of freezing and thawing (as
a percentage); n1 is the fundamental frequency at c cycles of
freezing and thawing, inHz; and n is the fundamental frequency
at zero cycles of freezing and thawing in Hz.
The Durability Factor (DF ) is determined from the RDME
using the following expression:
DF = PN/M, (2)
where P is the RDME at N cycles (as a percentage); N is the
number of cycles at which P reaches the specified minimum
value for discontinuing the test, or the specified number of
cycles at which the exposure is to be terminated, whichever
is less; and M is the specified number of cycles at which the
exposure is to be terminated. In this investigation,M is taken as
300 cycles.
The volume of permeable voids was determined in accor-
dance with ASTM C642 [22]. The volume of permeable voids is
defined as the void volume, which is emptied during the speci-
fied drying and filled with water during subsequent immersion
and boiling [23]. Also, SEM observations were conducted on ap-
proximately 2× 2× 2 cm3 sized samples.
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2.1. Artificial neural networks
Artificial Neural Networks (ANNs) are information-proce-
ssing systems that have certain performance characteristics in
common with biological neural networks. A neural net consists
of a large number of simple processing elements called neurons
or nodes. A NN is characterized by:
(1) Its pattern of connections between neurons (called its
architecture);
(2) Its method of determining weights on connections (called
its training or learning algorithm);
(3) Its activation function. The basic structure of an ANN is
shown in Figure 1.
The ANN shown in Figure 1 has links only between nodes in
immediately adjacent layers, and is often referred to as a Feed-
Forward (FF) network or amulti-layer perceptron network. The
feed-forward NNs with a BP learning algorithm are the most
widely used NNs [24,25]. Determining the best values of all
weights is called training the ANN. Details on the ANNs and
the BP training algorithm (to estimate network parameters) can
be found in [25–27]. Most applications require networks that
contain at least three types of layer:
• The input layer consists of nodes that receive an input from
the external environment. These nodes do not create any
transformations in the inputs, but just send their weighted
values to the nodes in the immediately adjacent, usually
‘hidden’, layer.
• The hidden layer consists of nodes that typically receive the
transferred weighted inputs from the input layer, perform
their transformations by an activation function on it, and
pass the output to the next adjacent output layer.
• The output layer consists of node(s) that receive the hidden-
layer output and send it to the user.
NN training is an unconstrained nonlinear minimization
problem inwhich weights of a network are iteratively modified
to minimize the root mean squared error (rmse) between the
desired and actual output values for all output nodes over
all input patterns. The BP algorithm [28] has been the most
commonly used training algorithm. The Levenberg–Marquardt
(LM) algorithm, a standard second-order nonlinear least-
squares technique, based on the BP process to increase the
speed [29] and efficiency of the training [30], was used for
training the ANN models in the present study. The activation
function is also called the transfer function. It determines
the relationship between inputs and outputs of a node and a
network. In general, the activation function introduces a degree
of nonlinearity that is valuable for most ANN applications.
In the present work, the NNs were trained with the error BP
algorithm to obtain the optimum network weight values. As an
activation function, the hyperbolic tangent (tanh) function was
used. The ANN modeling is implemented within the MATLAB
Neural Network toolbox.2.2. Genetic algorithms
Genetic algorithms are stochastic optimization algorithms
based on the concepts of biological evolutionary theory [31].
They consist, in maintaining a population, of chromosomes
(individuals), which represent potential solutions to the
problem to be solved, that is the optimization of a function,
generally very complex. Each individual in the population has
an associated fitness indicating the utility or adaptation of the
solution that it represents. A genetic algorithm starts off with a
population of randomly generated chromosomes and advances
toward better chromosomes by applying genetic operators,
modeled on the genetic processes occurring in nature. During
successive iterations, called generations, the chromosomes are
evaluated as possible solutions. Based on these evaluations, a
new population is formed using a mechanism of selection and
applying genetic operators, such as crossover and mutation.
3. Application and results
3.1. Fresh concrete attributes
According to w/b ratios, the fresh concrete measurement
results are shown in Table 4. The unit weight of samples
containing EPA decreased by increasing the EPA ratio compared
to the control samples. Also, the workability of HSC containing
pre-wetted EPA was a bit higher than the workability of
concrete without EPA. The 28 day average density of the
specimens was 2373 kg/m3.
3.2. Compressive strength and freeze–thaw durability
The values of compressive strength for control, EPA and
AEA specimens are given in Table 5 in which the data are
based on average results from three specimens of each concrete
mixture. The 40 MPa strength limit characteristic for high
performance concrete was met after 28 days for all mixtures.
The addition of EPA to the mixes, in the ratios of 10%, 20% and
30%, decreased 28-day compressive strength by 7%, 15% and
28%, by 9%, 13% and 28%, and by 6%, 20% and 33%, respectively,
for w/b ratios of 0.25, 0.30 and 0.35, without exposure to
the freezing and thawing cycles. Reductions in compressive
strength at 28 days may be because of the weak structure of
EPA aggregates. Compressive strength is a function of density.
Many investigators [32–42] reported that compressive strength
decreased because density decreased with an increase in the
lightweight aggregate ratio instead of the normal aggregate.
The addition of AEA to the mixes, similarly, decreased 28-
day compressive strength by 1, 14 and 25, respectively, for
w/b ratios of 0.25, 0.30 and 0.35, without exposure to the
freezing and thawing cycles. However, air entrainment reduced
mechanical strength [43].
After 100, 200 and 300 cycles of freeze–thaw, changes
in compressive strength are given in Table 6. The results of
the freezing and thawing tests carried out on the HSC are
summarized in Figure 2, where the results of strength after 100,
200 and 300 cycles are shown. As seen from Figure 2, at the end
of 100 cycles of freeze–thaw, 10% and 20% EPA increased the
compressive strength of the samples 1% and 2%, respectively,
for 0.25w/b ratio. At the end of 100 cycles of freeze–thaw, 10%
EPA increased the compressive strength of the samples 2%, for
0.30w/b ratio. Litvan and Sereda [33] and Kuboyama et al. [44]
demonstrated that porous aggregates can be added to concrete
to increase its frost resistance. In their study, they showed
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Mixtures Control 10%
EPA
20%
EPA
30%
EPA
AEA
w/b ratios
0.25 Slump (cm) 3 5 9 14 6
Fresh unit weight (kg/m3) 2470 2430 2356 2319 2448
0.30 Slump (cm) 8 14 19 21 12
Fresh unit weight (kg/m3) 2460 2422 2348 2276 2395
0.35 Slump (cm) 9 15 18 21 20
Fresh unit weight (kg/m3) 2452 2367 2285 2240 2321Table 5: Compressive strength of samples unexposed to freeze–thaw cycles
(MPa).
w/b
ratios
Control 10% EPA 20% EPA 30% EPA AEA
0.25 77.09 71.71 65.20 55.79 76.07
0.30 73.13 66.76 63.47 52.49 62.58
0.35 65.13 61.06 52.16 43.94 49.15
Table 6: Compressive strength of samples after 0, 100, 200 and 300
freeze–thaw cycles.
Mixtures Control 10%
EPA
20%
EPA
30%
EPA
AEA
w/b ratios
0.25
0 100 100 100 100 100
100 98 101 102 100 99
200 95 94 92 90 95
300 92 93 84 78 94
0.30
0 100 100 100 100 100
100 98 102 94 87 98
200 92 94 91 85 94
300 86 92 86 74 92
0.35
0 100 100 100 100 100
100 93 96 95 92 97
200 86 92 89 90 93
300 81 87 80 71 90
Figure 2: Compressive strength of samples for different w/b after 0, 100, 200
and 300 freeze–thaw cycles.
that concrete containing porous aggregate was generally more
durable than plain concrete. In addition to this, a lightweight
aggregate, giving the best results from the mixture of 10%, is
the contribution to the EPA.
However, an increment in the compressive strength after
100 cycles at 10% and 20% replacement of EPA on HSC withw/b ratio 0.25 can be attributed to the porosity of EPA, which
provided empty escape places for the excess water when
freezing occurred. If no spot in the media of concrete is further
than the critical distance from such an escape place, disruptive
pressure cannot be generated, and the concrete will be durable
to freezing–thawing cycles. This also might be caused by some
additional delayed hydration, made possible by the suction of
water from the aggregate towards the hydrating paste [45].
The increased strength might be due to improvement in the
interfacial transition zone, enhanced hydration due to internal
curing, and absence of shrinkage-induced micro-cracking [46].
At the end of 200 and 300 freeze–thaw cycles, the compres-
sive strength of AEA samples was generally higher than control
samples for w/b of 0.25. Dhir et al. [47] and Sun et al. [48] re-
ported that the freeze–thaw performance of samples with AEA
was higher than those without AEA.
The compressive strength of control samples after the
completion of 300 cycles of exposure was 92%, 86% and 81% of
the original values for HSC, and 0.25, 0.30 and 0.35 w/b ratios,
respectively. The superior performance of HSC can be explained
by lower permeability and higher strength.
Aggregate particle size also affects the frost damage of
concrete via aggregate damage. At a certain degree of saturation
and freezing rate, larger aggregates may create damage
but smaller particles of the same aggregates will not. Very
porous aggregates, such as lightweight aggregate, have very
high permeability, so that water can escape during freezing
without major aggregate damage. The transition interface
between aggregates and the cement paste matrix, however,
may be damaged when water under pressure is expelled from
aggregate particles [49].
Results showed that the compressive strength of samples
after freeze–thaw cycles decreased with an increase in w/b
ratios. Many researchers [43,50] noted that freeze–thaw
durability increases withw/c ratio decrease. Lowering thew/c
ratio reduces the porosity of the paste and the amount of
capillary water susceptible to frost action, but it also reduces
permeability, and the movement of water to escape areas (air
bubbles or surface of the specimen) becomes more difficult.
The influence of a decrease in the porosity of the paste is, thus,
more important than the influence of the decrease in freezable
water [43].
Test results have shown that compressive strength is af-
fected by increasing cycles. It is well accepted that compres-
sive strength is related to the growth and propagation of
cracks. Many researchers [51–57] also state that the compres-
sive strength of samples decreases when the number of freez-
ing and thawing cycles increase. Repeated cycles of freezing and
thawing can seriously cause cumulative damage in concrete.
The damage due to freezing and thawing can cause a substantial
loss of strength in the concrete [58].
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w/b
ratios
Control 10% EPA 20% EPA 30% EPA AEA
0.25 4686 4642 4516 4458 4686
0.30 4654 4624 4513 4440 4452
0.35 4619 4496 4383 4301 4366
Table 8: UPV of samples after 0, 100, 200 and 300 freeze–thaw cycles.
Mixtures Control 10%
EPA
20%
EPA
30%
EPA
AEA
w/b ratios
0.25
0 100 100 100 100 100
100 100 101 100 99 100
200 99 100 103 96 99
300 97 98 93 90 98
0.30
0 100 100 100 100 100
100 100 101 100 97 99
200 98 99 98 96 99
300 94 97 94 93 97
0.35
0 100 100 100 100 100
100 99 98 96 93 99
200 97 96 92 90 99
300 92 95 92 89 96
3.3. Ultrasonic pulse velocity and freeze–thaw durability
The values of UPV for control, EPA and AEA specimens are
given in Table 7. The addition of EPA to the mixes in the ratios
of 10%, 20% and 30% decreased UPV by 1%, 4% and 5%; 1%,
3% and 5%; and 3%, 5% and 7%, respectively, for w/b ratios
of 0.25, 0.30 and 0.35 after 28 days without exposure to the
freezing and thawing cycles. The addition of AEA to the mixes,
similarly, decreased UPV by 0%, 4% and 5%, respectively, forw/b
ratios of 0.25, 0.30 and 0.35, after 28 days, without exposure
to the freezing and thawing cycles. However, reduction in UPV
values, due to EPA replacement, was much lower than that of
compressive strength.
It can be seen from Table 8 that the UPV values decreased
with an increase in EPA replacement percentages after 100,
200 and 300 cycles of freeze–thaw for all w/b ratios. The
UPV measurements at 100, 200 and 300 cycles confirm
the information obtained from the compressive strength
measurements. However, the measured UPV values did not
show signs of internal damage. The runtime of the signal
decreased for all mixtures with the number of cycles, which can
be attributed to the increasing higher degree of saturation in all
mixtures [59].
3.4. Porosity and freeze–thaw durability
Pore structure is the most important parameter governing
the durability of concrete, especially concrete resistance to
cycles of freezing and thawing [60]. Therefore, test pieces of
the cement paste were taken from cylinders which had been
exposed to the same conditions of specimens examined in
the freeze–thaw test. Table 9 presents the measured porosity
values according to ASTM C642. The volume of permeable
voids does not include very small pores, since these are not
easily emptied or re-filled.Whiting [23] states that even though
this method was easier and more time efficient than some of
the permeability tests, its standard error was slightly higher
compared to other methods. However, it does provide an
indication of the quantities of larger pores, which are generally
associated with mechanical properties and durability.Table 9: Porosity values of samples (mL/g).
Mixtures Control 10% PA 20% PA 30% PA AEA
w/b
ratios
Number
of
cycles
0.25 0 0.0999 0.1154 0.1324 0.1638 0.1119300 0.1037 0.1194 0.1434 0.1791 0.1120
0.30 0 0.1020 0.1462 0.1477 0.2173 0.1176300 0.1184 0.1571 0.1575 0.223 0.1261
0.35 0 0.1383 0.1408 0.1701 0.1869 0.1451300 0.1418 0.1436 0.1809 0.1904 0.1482
Figure 3: Porosity of samples for 0.25w/b ratio after 0 and 300 cycles.
Figure 4: Porosity of samples for 0.30w/b ratio after 0 and 300 cycles.
It can be seen from Figures 3–5, that measured porosity
values increased after 300 cycles of freeze–thaw. A possible
reason for this is that ice obtained during the freezing of the
water might be applying pressure to expand in the cavity
wall. The decrease in resistance of concrete to freezing and
thawing may be due to the slow migration of Portlandite
(microcrystalline Ca(OH)2) and fibrous ettringite hydrate
crystals from the dense C–S–H zones to air voids during cycling.
Also, it may have led to an increase in paste porosity [61].
Cwirzen and Penttala [62] reported that porosity increased
between 10% and 25% after freeze–thaw.
3.5. Relative dynamic modulus of elasticity and freeze–thaw
durability
The RDME and the durability factor are usually the main
criteria that indicate the extent of damage of concrete subjected
to repeated cycles of freezing and thawing [63]. The durability
factor was calculated with UPV variations (Eq. (2)). The square
of the UPV is proportional to the dynamic modulus of elasticity,
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Table 10: RDME of samples after 0, 100, 200 and 300 freeze–thaw cycles.
Mixtures Cycles Control 10%
EPA
20%
EPA
30%
EPA
AEA
w/b ratios
0.25
0 100 100 100 100 100
100 101 101 101 98 100
200 99 100 95 93 98
300 95 96 87 81 96
0.30
0 100 100 100 100 100
100 100 102 99 94 99
200 97 98 95 92 98
300 89 94 89 86 94
0.35
0 100 100 100 100 100
100 97 97 93 87 99
200 95 93 85 82 98
300 85 91 85 79 92
which is used to determine the durability factor [43]. Table 10
presents the variation of RDME expressed in percentage with
respect to the number of freeze–thaw cycles. It is noteworthy,
from the results in Table 10 that the RDMEof samples decreased
with an increase in EPA replacement percentages after 100,
200 and 300 cycles of freeze–thaw for all w/b ratios. The data
indicated that all the test cylinders had excellent performance
in freezing and thawing cycling, with durability factors ranging
from 79 to 96 after 300 cycles. The reduction in RDME of
samples with 10% EPA was fewer than for the control samples.
Hence, it can be concluded that when 10% EPA is added to HSC,
its frost resistance can be raised. Therefore, the freeze–thaw
durability of the HSC admixture with EPA is much higher than
that of HSC without EPA.
The resistance of the HSC to freezing–thawing action is
most likely due to an improved water and pore system,
which resulted from decreasing the w/b ratio. In other words,
lowering the w/b ratio reduced the number and volume of
the capillary pores in the cement paste, thus eliminating the
chances of freezable water, which is the main cause of internal
expansive pressure [64].
Because everything is the same in the HSC except the fine
aggregates, the lightweight aggregates seem to be the cause
of the positive effects on the development of durability. As
known, lightweight concrete exhibits a higher frost resistance
due to the existence of 20%–50% voids in the lightweight
aggregates. Many investigators [33,49,50,65–67] reported that
the lightweight aggregate increased the freeze–thaw durability
of concrete. However, if the lightweight aggregate ratio is more
than 10%, freeze–thaw resistance is reduced compared to the
control samples, since the increased volume of lightweight
aggregate in concrete leads to an increase in theweak aggregatephase, which, after a given proportion, leads to a reduction in
compressive strength [46].
The main reason for the reduction in the RDME and
durability of HSC was the formation of micro-cracks during
the hardening of the cement paste of the concrete. A part
of these micro-cracks may collect moisture that may be
frozen and expand at low temperatures, through which cracks
may propagate and join each other, ultimately damaging the
microstructure of the concrete. Meanwhile, concrete under
repeated freeze–thaw cycling will produce new micro-cracks,
which mostly fall into the range of 0.1–10 µm in size. The
formation of these micro-cracks is the result of the repeated
opposite direction of thermal stresses developed within the
microstructure. The decrease in values of RDME results from the
fact that the repeated freezing and expansion stresses, coupled
with thermal stresses, have exceeded the tensile strength of the
concrete, which leads to the formation of micro-cracks [68].
Also, Cohen et al. [69] observed a considerably lower
influence of freeze–thaw cycles on compressive strength than
on Young’s modulus. Nevertheless, whether it is ordinary
concrete or HPC, frost resistance is dependent mainly upon its
permeability, degree of saturation, amount of freezable water
and rate of freezing.
A concrete containing porous aggregate, that was saturated
already at mixing and which has had no chance of drying, will
always have a low degree of frost resistance, irrespective of
the w/c ratio and air content of the concrete [70]. However,
Marzouk and Jiang [52] stated that the good durability of
HSC can be attributed to its low permeability and higher
compressive strength.
The reduction in w/b ratios can help reduce the crack
size and distribution, with the porosity of concrete reduced
significantly, besides the reduction of large diameter cracks, and
the distribution of pores tending towards smaller size pores.
According to previous researchers, low w/c ratio concrete can
resist frost attack, even without aerated treatment. However,
there are other research works demonstrating that low w/c
ratio concrete still suffers from frost attack, while directly
correlating low void ratios to frost resistance has simplified the
scenario. According to our practical experience and previous
research work, factors affecting frost resistance are numerous
and important. The raw composition materials of concrete,
the mixing procedure, curing, age, even the treatment prior to
testing, and temperature conditions during tests, etc.may affect
the results of frost resistance tests, thus inducing misleading
conclusions. As a result, it is common to find a large variation in
testing results and even contradictory conclusions for the same
specimen [68].
All these results are difficult for exact comparison with each
other, because water absorption coefficients depend highly on
thewater to cement ratio and on the admixtures; aggregate size
is also an important factor.
Several research groups [52,68,71–75] have studied the
effects of freeze–thaw cycles on concrete properties. Because
of the different materials used, and the number of cycles and
methods applied, although results showed distinctions, they
were similar.
3.6. SEM investigations
On the basis of SEM observations, we found that the
microstructure of HSC, with andwithout lightweight aggregate,
is more compact. However, after 300 cycles of freezing and
thawing, in the concrete, especially samples with 0.35 w/b
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Figure 7: SEM graphs of ITZ between lightweight aggregate and cement paste.
ratio, we find micro-cracks passing not only through the
pores, but also between them. In these micro-cracks, we find
ettringite crystals and needles like crystals, most probably
hydrated calcium aluminates. Ettringite crystals also are found
in the entire cement paste [53]. In these tests, however, no
deterioration was visible on any specimen after 300 cycles.
Interfacial micro-cracks (at aggregate-cement paste inter-
faces), as well as some aggregate micro-cracks, were present in
the concrete prior to any damaging effects, as shown in Figure 6.
The drying and thermal shrinkage mismatch of cement paste
versus aggregate explains the interfacial micro-cracks [76].
Deterioration mechanisms operating in concretes subjected
to freeze–thaw cycles are caused by the contribution of two
factors: water crystallization and the appearance of hydraulic
pressure from osmotic phenomena. There are some doubts,
however, about the role played by massive ettringite found at
the matrix and aggregate interface in the deterioration process
of the material [77].
Hydration crystals in various forms appeared on the
aggregate surface. It indicates that the hydration process on
the aggregate surface was active and was still undergoing.
The phenomenon can be attributed to the Ca and Si diffusion
across the interface of the porous lightweight aggregate, which
permits long-term hydration at the aggregate surface. This
microstructure (see Figure 7) of HSC demonstrates a higher
resistance to frost action, resulting in higher durability. As aFigure 8: SEM graphs of ettringite in voids.
Table 11: Results of model performance levels during training and test
stages.
Model Architecture Root mean square error
(rmse)
Training Test
Eq. (3) 3-4-1 0.497 0.659
Eq. (4) 3-4-1 0.892 1.348
result, lightweight aggregates offer a high contribution towards
suppressing the growth of cracks and are a major approach
towards increasing the durability of the HSC, with respect to
frost action [68].
The main reason for the reduction in the RDME and dura-
bility of HSC was the formation of micro-cracks during the
hardening of the cement paste of the concrete. A part of these
micro-cracks may collect moisture that may be frozen and ex-
pand at low temperatures, throughwhich cracksmaypropagate
and join each other and ultimately damage the microstructure
of the concrete [68].
The SEM images of concrete subjected to frost attack
(Figure 8) indicated the presence of ettringite needles in cracks
and air voids. The higher porosity of ITZ could enhance the
transport processes of pore liquids, thus allowing frequent
moisture changes and a permanent high water supply in the
transition zone [62].
4. Modeling results
4.1. Neural network model of relative change in ultrasound pulse
velocity
The NN model developed in this research is used to predict
the UPV values of the HSC mixture data. Inputs are w/b, cycle
(C) and EPA, and output is the Relative Change in Ultrasound
Pulse Velocity (RCUPV). The performance of the training and
test sets can be seen in Figure 9. The result of the testing phase in
Figure 9 shows that the NN is capable of generalizing between
input variables and the output (UPV values).
Results ofmodel performance levels during training and test
stages are given in Table 11. The R2 value is 97.22% for UPV
values. All statistical values in Table 11 demonstrate that the
proposed NN model is suitable, and predicts UPV values very
close to experimental values. A small perceptible deviation is
48 M.B. Karakoç et al. / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 41–50Figure 9: Scatter plot of the observed versus predicted RCUPV.
Figure 10: Scatter plot of the observed versus predicted RCCS.
observed for the calculated values. Also, the model found with
the genetic algorithm was given in Eq. (3).
RCUPV
=
−8.563.464.96
−5.16

T
× tanh

−9.24 −0.0023 −3.37−5.92 0.0070 −22.9853.53 −0.0111 11.31
34.84 −0.0082 0.41

×

w/b
C
EPA

+
 4.360.33−11.24
−6.64

+ 9.85. (3)
4.2. Neural network model of relative change in compressive
strength
The NN model developed in this research is used to predict
the compressive strength values of the HSC mixture data.
Inputs are w/b, C , EPA and output is the Relative Change in
Compressive Strength (RCCS). The performance of the training
and test sets can be seen in Figure 10. The result of the testing
phase in Figure 10 shows that the NN is capable of generalizing
between input variables and the output (compressive strength
values).
Results of model performance levels during training and
test stages are given in Table 11; the R2 value is 98.07% for
UPV values. All statistical values in Table 11 demonstrate that
the proposed NN model is suitable, and predicts compressive
strength values very close to experimental values. A small
perceptible deviation is observed for the calculated values. Also,
themodel foundwith the genetic algorithmwas given in Eq. (4).
Finally, results from the genetic algorithm in order to deter-
mine optimummix proportions to compute minimum Relative
Change (RC), subjected to 300 thermal cycling, were given in
Table 12.Table 12: The results from genetic algorithm in order to determine
optimum mix proportions to compute the minimum RC subjected to 300
thermal cycling.
w/b C EPA (%) RC (%) Model
0.250 300 6.8 0.93 Eq. (3)
0.268 300 7.9 6.26 Eq. (4)
RCCS
=
 27.69−9.93−10.24
−3.49

T
× tanh

−10.53 0.0036 0.0569−12.86 −0.0300 −9.0034.20 0.0065 −7.65
42.30 −0.0072 74.15

×

w/b
C
EPA

+
 −3.3115.53−9.69
−13.55

+ 11.40. (4)
5. Conclusions
The effects of freezing and thawing on the mechanical
properties and porosity of air-entrained and EPA admixtured
HSC were investigated. The results of the investigation can be
summarized as follows:
1. EPA and AEA decreased the fresh unit weight when com-
pared to control samples.
2. At the end of 100 cycles of freeze–thaw, 10% EPA increased
the compressive strength of the samples 2%, for 0.30w/b ra-
tio, according to control samples.
3. From the data presented, we see that the optimum amount
of EPA used to improve freeze–thaw cycle resistance is 10%.
4. The resulting capillary pore volume of the EPA mixture is
larger than that of the reference mixture. The measured
porosity values increased after 300 cycles of freeze–thaw.
5. The RDME of samples decreased with an increase in EPA
replacement percentage, after 100, 200 and 300 cycles of
freeze–thaw for allw/b ratios.
6. It was determined that at the end of 300 cycles, the calcu-
lated durability factors of the HSCs with 10%, 20% and 30%
EPA were over 60%.
7. The reduction in RDME of samples with 10% EPA was less
than in the control samples. Hence, it can be concluded that
when 10% EPA is added to HSC, its frost resistance can be
raised.
8. The result of the testing phase shows that the NN is capa-
ble of generalizing between input variables and the output
(compressive strength and UPV values).
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